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INTRODUCTION 
An acoustic microscope has been proven to be a very effective tool for visualization 
and characterization of small internal defects in solids[ 1]. The distinction of internal defects 
such as cracks and voids from solid inclusions is sometimes necessary for material evaluation. 
For example in case of light metal casting alloys ultrasonic scattered echo from pores and 
heavy metal inclusions used for strengthening purposes can give the ultrasonic signal of the 
same order of magnitude [2]. In this paper it is shown how the phase information of the 
reflected echo can be used to distinguish void signals from solid inclusion signals. 
Conventional acoustic imaging techniques that use only amplitude information and ignores 
the phase information can not distinguish between voids and inclusions. 
It is well known that the phase of the acoustic wave reflection coefficient of a 
boundary is determined by the ratio of the acoustic impedance of the two media adjacent to 
the boundary [3]. However in case of hidden defects in a material it is not easy to determine 
experimentally the exact value of the phase of reflection coefficient due to the unknown 
distance of the defect. The phase shift is also affected by the defect geometry and by the 
transmission of the wave at the liquid-solid interface. 
Application of the time-frequency domain analysis [4] and phase spectral analysis [5] 
to characterize the object under inspection has been widely discussed in the literature. It has 
been theoretically shown that the absolute phase shift and the relative acoustic impedance of 
the obstacle can be determined using these techniques. Recently, combined acoustic 
microscopy and acoustic spectroscopy techniques have been used to determine the complex 
value of reflection coefficient of a bulk material with a flat surface [6]. 
In the present paper we develop a method to distinguish spherical voids from solid 
inclusions by the phase-frequency dependence analysis. 
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THEORY - ACOUSTIC MICROSCOPY OF SPHERICAL INCLUSIONS. 
The solution of the scattering of plane acoustic waves by a spherical inclusion in a 
solid has been given by Ying and Truell [7] and Einspruch et. al. [8]. The simplified 
expressions [9] and the solution for ultrasonic pulse [10] are also available in the literature. 
Attempts have been made to obtain the expression of the scattered signal from the 
spherical inclusion for a focused transducer [11,12]. The theory of acoustic microscopy ofa 
spherical particle in an immersion liquid and spherical void in a solid have been presented by 
Lobkis et. al. [12,13]. This theory relevant to this paper is briefly reviewed here, omitting the 
details. 
The output signal generated by the focused beam scanning of this object has been 
analytically obtained by Lobkis, Kundu and Zinin [14]. The analytical solution was obtained 
only after several simplifying assumptions were made. First, the duration of the RF signal of 
the microscope is long enough to justify the continuous wave analysis for the scattering 
problem. On the other hand the signal duration should be sufficiently short such that the 
components reflected from the liquid-solid interface, and longitudinal and transverse waves 
scattered by the inclusion are separated in time. 
It was also assumed that the inclusion is located at a depth greater than the Rayleigh 
wave influence zone and the reflected wave at the liquid-solid interface is not affected by the 
inclusion. Besides, in that theoretical analysis it was considered that the waves were scattered 
by the inclusion only once and the multiple scattering was ignored. The first wave from the 
cavity that is received by the transducer is the signal that is transmitted as the longitudinal 
wave into the solid and scattered by the cavity as the longitudinal wave as well. In the 
experiment it was found that the amplitude of this wave is much greater than that of all other 
waves and hence we restrict our consideration to this wave only. 
Let the spherical inclusion center be placed at a vertical distance Z from the center of 
curvature of the transducer of half aperture angle a. along the transducer axis and at a 
horizontal distance R from the transducer axis. The radius of the inclusion is a. The distance 
between the solid-liquid interface and the center of inclusion is D. Then the total output 
voltage V generated by the reflected signal from the liquid-solid interface and scattered waves 
from the inclusion, is equal to [14]: 
V = 2 V 0 ~ f i (- 1) n (2 - 0 0 m ) 't ~ L 2n m • 
l-cosa. pc n=Om=O 
(1) 
Here Vo is the output signal of the transducer when a perfect reflector is placed at the focal 
plane, p and P. are the densities of the liquid and the solid respectively, CI and c are the 
longitudinal wave speeds in the solid and in the immersion liquid, Onm is the Kronecker delta, 
and 'tnij are the scattering coefficients for the spherical inclusion [7,8]. 
The integral coefficient Lnm for the longitudinal wave depends on the inclusion 
position and elastic properties of the solid and can be expressed as 
a 
L nm = (- i) m J P (e) L (e) ex p (i cl> d J m (1'J) P nm (c 0 s e I ) sin e de (2) 
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Here P(8) is the pupil function of the lens, L(8) is the transmission coefficient of a plane 
longitudinal wave traveling from the liquid to the solid [3], Jm is the m-th order cylindrical 
Bessel function of the first kind, Pnm(cos8,) is the normalized associated Legendre 
polynomials. The position of the inclusion is determined by values ofTj, and <1>. (Tj=kRsin e, 
and <1>.= -kZpcos e + k.Dcos.8), where k. and k are wave numbers of the longitudinal waves 
in solid and in the immersion liquid, and Zp = Z + D is the distance between the focus and the 
solid-liquid interface. The angles of propagation of the longitudinal wave in the liquid and the 
longitudinal and transverse waves in the solid are related by Snell's law k sin 8 = kl sin 81. 
Equations (1) and (2) are used to calculate both phase and amplitude of the received signal of 
a reflection acoustic microscope for spherical voids and inclusions in an elastic solid. 
EXPERIMENTAL MEASUREMENTS 
To determine the phase of the reflection coefficient one can obtain the phase of the 
received signal and compare it with the phase of another signal which is reflected from a 
reflector which has a known constant (independent of incident angle) value of the reflection 
coefficient. A good example of it is a free surface ofa liquid. For proper comparison both 
reference surface and the surface under inspection must be at the same distance from the 
ultrasonic transducer. If this distance is of arbitrary value, as for defects in a material, it is still 
possible to determine the phase of the reflection coefficient if it is not frequency dependent. In 
this case the phase of the received signal is linearly dependent on the frequency because of a 
constant time shift between the starting point of the received signal and the gate position. It 
can be expressed as: 
(3) 
where <1>0 is the frequency independent phase shift which includes the phase shift due to 
reflection by the obstacle (defect). The slope (A) of the frequency dependent phase curve (<I» 
is proportional to the ultrasonic velocity in the medium [15]. The frequency dependence of 
the phase of the received signal can be affected by the arbitrary position of the receiving gate 
for swept frequency method or arbitrary window position for the broad band pulse system 
with the Fourier analysis [5]. 
For digital analysis of the received signal we used IBM PC compatible computer with 
Markenrich waveform acquisition and arbitrary generator board working with 20 MHz 
sampling frequency. The short pulse or sinewave video pulse was generated by Wavetek 395 
arbitrary waveform generator, amplified by Matec 310 gated amplifier and supplied to 25 
MHz PVDF focusing transducer (panametrics ZF3002-SU). The transducer diameter was 10 
mm and its radius of curvature was 9.5 mm. Stepper motor driving scanner was used as a 
positioning device with 6.35 !-lm accuracy and the first stage ofMatec 605 broad band 
receiver was used as a preamplifier. 
Tungsten carbide balls of 0.5 mm diameter, stainless steel balls of 1 mm diameter, and 
approximately 0.4 mm diameter air bubbles were used to model solid inclusions and void type 
defects. They were placed on a surface of weak gelatin jelly or incorporated in a polyester 
epoxy resin. The longitudinal ultrasonic wave speed of polyester epoxy as measured by the 
pulse echo method was 2600 mlsec. For the phase measurements both broad band pulse 
technique and frequency sweeping technique were used, they essentially gave the same 
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results. For the broad band pulse technique the received pulse was digitized and the phase 
component of the Fast Fourier Transform (FFT) of the time history was calculated. 
For the frequency sweeping technique the received signal V(t) was digitized within a 
gate and phase shift between it and the carrier signal sin(21tft) was digitally calculated as: 
tan(cjJo) = L [V(t)cos(21tft)]IL [V(t)sin(2nft)]. (4) 
The gate of a duration of one period of the lowest frequency was positioned about one cycle 
after the beginning of the signal to diminish the influence of the possible resonance scattering. 
Phase-frequency curves for the 0.5 mm tungsten carbide ball and 0.4 mm air bubble in 
water are presented in fig. I. Their acoustic microscope generated images at 9 MHz frequency 
are shown in fig. 2. These images are generated by scanning the object in a vertical plane. 
Conventional C-scan images are generated by moving the microscope lens in a horizontal 
plane, say xy-plane, but these images are generated by moving the lens in a vertical plane say 
xz-plane which coincides with the vertical central plane of the spherical defect. One 
advantage of this image over conventional C-scan image is that from this image one can 
derive the diameter of the circular C-scan image of the defect for different vertical positions 
of the microscope lens. Hence it contains equivalent information of a large number of C-
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Figure 1: Phase-frequency curves for 0.4 mm air bubbles - (1) and 0.5 mm tungsten carbide 
balls - (2) in water. Two extreme curves for each case correspond to the axial shift of the ball 
by a distance of 1 mm. 
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Figure 2. The acoustic microscope generated images of the tungsten ball in water - A, and at 
a 2 mm depth in polyester epoxy - B, and the air bubble in water - C, and at a 2 mm depth in 
polyester epoxy - D. Signal frequency is 9 MHz. 
scan images. Images A and C are for the tungsten ball in water and at a 2 mm depth in 
polyester epoxy respectively. Images Band D are for the air bubble in water and at a 2 mm 
depth in polyester epoxy respectively. One can see that these images of air babble and solid 
inclusion are practically indistinguishable and more, it is not easy to determine the exact 
position of the inclusion with respect to the transducer focal point. But the constant part <1>0 in 
eqn. (3) of the phase of the received signal is not affected by its focal position as shown in fig. 
1. In this figure different curves correspond to different transducer positions. For two 
extreme curves in each category the focal point of the transducer moved vertically along the 
central axis of the ball by a distance of 1 mm. The phase difference between the void and the 
solid inclusion reflected signals at zero frequency is slightly less than 180°, but still can be 
clearly noticed. 
The experimental results for the air bubble or void and the tungsten carbide particle in 
an elastic solid is presented in fig. 3. They are located at 2 mm depth in polyester epoxy. 
Curve I is for 0.4 mm void, curve 2 is for 05 mm tungsten carbide particle and curve 3 is 
for 0.8 mm void. Several curves correspond to different focal positions of the transducer 
along the vertical central axis of the ball. The phase difference of 180° between the void and 
the inclusion can be clearly seen. 
Corresponding theoretical curves generated by equations (1) and (2) for empty void 
and solid inclusion [7,8] are presented in fig. 4. The curves in fig. 5 are obtained by 
subtracting the linear best fit curve from the curves in fig. 4. 
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Figure 3. Experimental results for the 0.4 mm (1) and 0.8 mm (3) air bubbles and the 0.5 mm 
tungsten carbide ball (2) in polyester epoxy. 
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Figure 4. Theoretical curves, from equations (1) & (2), for void (1) and solid (2) inclusions 
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Figure 5: Theoretical curves for square pupil function for void (1) and solid inclusion (3) and 
for Sasaki pupil function - for void (2) and inclusion (4). The linear best fit curves are 
subtracted from the curves generated by equations (1)-(2). 
The oscillations in the theoretical curve (curves A and C) are practically absent in the 
experimental curve in fig. 3. Similar result were obtained theoretically in previous works for 
the image of spherical particles [16] and V(z) curves for voids and inclusions in elastic solids 
[17]. Absence of the oscillations in the experimental phase-frequency curves is due to the fact 
that for an acoustic microscope lens the amplitude of the paraxial ray is much greater than the 
edge rays. Even for the spherical transducer the pupil function must gradually decay to zero 
near the transducer edge. Hence, one should use a proper pupil function to describe the 
focused beam. We use Sasaki pupil function pee) [18] in our calculations. This pupil function 
is defined as 
pee) = {(1+COS(1l:(l- cose)/ (1- cosu»)/ 2, 
0, 
if e <u 
if e >u 
(5) 
The theoretical phase-frequency curves for tungsten carbide ball and void calculated 
with Sasaki pupil function are shown by curves B and D in figure 5. One can see that the 
phase difference is approximately 1800 between the void and the solid inclusion at a frequency 
grater than 2 MHz (ka>l) similar to the experimental results (figure 3), thus good agreement 
between experimental and theoretical results is achieved. 
CONCLUSION 
The phase of an acoustic microscope input signal when its lens is focused on the 
spherical obstacle in an elastic material can be used to obtain the phase of the reflection 
coefficients of the obstacle. If ka> 1 it is possible to distinguish inclusions with acoustic 
impedance higher than that of the surrounding material from void with acoustic impedance 
lower then that of the surrounding material. The influence of the possible resonance scattering 
can be diminished by choosing the appropriate acquisition gate position near the beginning of 
a received echo signal. Simple models were used in the experiment to show that the phase 
difference between reflected signals from voids and inclusions is 1800 at zero frequency. 
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